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The humidity, photo- and NO2 sensing properties of the solution-processed ZnO thin film 
transistor (TFT) on a SiO2/Si substrate with Au electrode were investigated.  
It is found that the device is highly sensitive and responds rapidly to these stimuli. 90.4%, 
82.4% and 33.5% of sensitivity are achieved for humidity, photo and NO2 respectively 
characterized by the change of the source-drain current of the transfer curve after exposure. 
Possible sensing mechanisms are discussed for each stimulus. Besides, the device also 
exhibits high mobility and excellent stability under ambient conditions. These results indicate 
that ZnO thin film transistor is a promising sensor material. 
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Over the last few decades, with the arrival of the industrialization, air pollution has 
become a great issue threatening our environment. Moreover, flammable and 
explosive gases can cause great damage to life and property. So, real-time and 
effective detection of these gases is of vital importance. In addition to gas sensing, the 
humidity control and light detection are also essential for various fields of industry as 
well. For example, monitoring relative humidity in moisture-sensitive environments 
such as glove boxes and clean rooms are crucial for scientific research. UV detection 
is a very useful method in food inspection and flame detection as well as analytics 
such as spectroscopy.  
 
Zinc oxide(ZnO) is a thoroughly studied post-transition-metal oxide which has many 
applications such as solar cells[1], photo detectors[2], gas sensor[3] and light emitting 
devices[4]. It is a wide band gap semiconductor material (3.4eV) exhibiting n-type 
characteristic and excellent chemical and thermal stability[5-7]. More recently, it is 
attracting considerable attention for its application in thin film transistors as the active 
channel material. The main advantage of using ZnO lies on its high mobility and easy 
preparation. The mobility reported in the literature ranges from 0.2 to 7 cm2/Vs with 
an on/off ratio from 105 to 107 and a threshold voltage between -1 and 15V[8].  
 
Intrinsic ZnO is sensitive to light[2], humidity[9] and different kinds of gases 
including O2[10-11], NH3[12], NO2[13], ethanol[14] etc. Its sensing property mainly 
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comes from the point defects, especially oxygen vacancies, on ZnO surfaces which 
will produce very large changes in the surface conductivity. This change of 
conductivity is a result of charge transfer and band bending caused by the absorbates.  
 
Several methods are used to prepare ZnO layers for thin films transistors including 
vacuum-based deposition such chemical vapor deposition[15] and magnetron 
sputtering[16] and solution-based deposition methods such as sol-gel process[17] and 
chemical bath deposition[18] etc. Vacuum deposition generally yields better transistor 
performance, especially higher mobility. For example, ZnO TFT fabricated by 
radiofrequency magnetron sputtering showed mobility above 30cm2/Vs[19]. 
However, vacuum deposition is very expensive and has high energy consumption due 
to vacuum deposition equipment. Among all techniques, the solution-processed 
method is most suitable for large area coating, low cost and low temperature 
processing. Moreover, solution-processed thin film semiconductors can potentially 
enable low-cost thin film transistor arrays via roll-to-roll process using a combination 
of conventional coating and printing techniques.  
 
In this work, we use a simple solution process to prepare ZnO thin film followed by a 
thermal annealing of the film. The device was found to be stable under ambient 
conditions with superior TFT performance. We then studied the sensing properties of 
the device. High sensitivity, fast response and substantial recovery under humidity, 
photo- and NO2 gas environment were demonstrated. 
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2. Experiment Section 
2.1 Materials Preparation 
The precursor solutions was prepared by dissolving zinc acetate dihydrate in 2-
methoxyethanol(Sigma-Aldrich) stabilized by 2-ethanolamine(Sigma-Aldrich) with a 
1:1 molar ratio with respect to the zinc acetate. The 2-ethanolamine acted as 
stabilizing agent for the formation of a stable solution. The solution was stirred under 
room temperature for 3 hours to completely dissolve the solute. By diluting with 2-
methoxyethanol, precursor solutions with different concentration of 0.05M, 0.1M and 
0.25M were prepared. 
2.2 Device Fabrication 
Silicon substrate coated with 200nm thick SiO2 layer as dielectric layer was first 
immersed in piranha solution for 2 hours to remove the organics on the substrate 
followed by standard water-acetone-isopropanol ultrasonic cleaning. After cleaning, 
the substrate was dried by nitrogen gas and then subjected to UV-Ozone cleaning for 
20min. The precursor solution of a specified concentration was spin-coated on top of 
the substrate at a spin speed of 1000rpm for 1min. The film was instantly preheated 
on a hot plate at 180℃ for 10min and then annealed at 500℃ in the furnace for 30min 
to convert the zinc acetate into ZnO. The above process was repeated 3 times with the 
concentration order of precursor solutions for each deposition being 0.05M, 0.1M and 
0.25M) in order to obtain desired thickness. To complete the device fabrication, 50nm 
of gold was thermally evaporated through a shadow mask on top of the as-prepared 
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ZnO thin film as source and drain electrodes. The length(L) and width(W) of the 
channel are 40µm and 7000µm.  
2.3 Characterization 
The transistor characteristics were investigated by Keysight Agilent 4155C analyzer. 
The gas sensing properties were investigated by flow-through technique at 
atmospheric pressure using an Environics Gas Dilution Gas System (Series 4040). 
Meanwhile, the humidity sensitivity was investigated by adding 1.5ml of deionized 
water into the chamber of the probe station and the photosensitivity was investigated 
















3. Result and Discussion 
Figure 1 shows typical FET properties of the device. The on/off ratio of the device is 
about 103 and the threshold voltage is 2.5V determined from the relationship between 
the square root of the transfer curve. The mobility in the linear regime(VDS<VGS) is 
2.4cm2/Vs determined from[20-22] 




where IDS is the source-drain current, VDS is the source-drain voltage, Ci is the 
capacity of the SiO2 dielectric layer, µ is the mobility, VGS is the gate voltage, VT is 
the threshold voltage, W is channel width and L is the channel length.  
 
Figure 1: Transfer curve (left) and output curve (right) of the ZnO thin film transistor 
The device is stable under ambient condition without taking precautionary measures 
to exclude ambient light, moisture and oxygen. As shown in Figure 2, after being 
placed in the drawer for 7 days, the drain current of the device dropped by 5% 
measured at Vg=40V. This drop mainly comes from the interaction of the device with 
the water in the air. The detailed mechanism will be discussed in the humidity 




Figure 2: Transfer curve of the device tested immediately after device fabrication (black) and after 
being placed in the drawer for 7 days (red) 
Figure 3 shows the change of transfer curve of the device after introducing the 
humidity source by placing 1.5ml of deionized water inside the sealed chamber of the 
probe station. All the transfer curves are tested under constant room light. As we can 
see from the transfer curve, the drain current drops immediately after introducing the 
humidity source for 30s and gradually becomes saturated after 210s. The response of 
the devices to humidity are shown by plotting drain current at Vg=40V versus 






where 𝐼𝐷𝑆 is the initial drain current and 𝐼𝐷𝑆
′  is the drain current after exposure. So, 
as shown in Figure 5, the sensitivity of the device to 15ml deionized water is 90.4%. 
The humidity-sensing mechanism of ZnO thin film transistor is mainly attributed to 
the reduction in carrier mobility. When the device is exposed to a humid environment, 
the water molecular will diffuse into grain boundary of the ZnO grains which will 
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induce charge-dipole interactions with semiconductors. These interactions increase 
the energy barrier for charge-carrier transport and thus reduce the mobility of the 
devices. It is well known that response and recovery behavior is an extremely 
important characteristic for evaluating the performance of humidity sensor. So, after 
the device is saturated, we removed the humidity source, evacuated the moist air and 
refilled with dry air. It can be seen from Figure 3 (the second curve from top to 
bottom) that the device shows a 88.2% of recovery of the drain current. 
 
Figure 3: Transfer curves of the device tested every 30s under ambient condition (left) and under 











Figure 4: drain current of the device at Vg=40V versus exposure time 
The photosensitivity of the device is also studied. As shown in Figure 5, the drain 
current will drop continuously in the dark while under light it will increase dramatically. 
The light intensity is controlled by changing the level of the lamp from level 1 to level 
10 (lowest to highest). As we can see in Figure 6, the device shows 10% of sensitivity 
at very low light intensity and changes remarkably with different light intensities. The 
trend is almost linear at high intensity which means it is a promising material for photo 
detection. The mechanism of photosensitivity of ZnO is attributed to the photo-
generated carriers which can be explained by band theory. The band gap of intrinsic 
ZnO is 3.4eV which gives an absorption wave length at 365nm or lower. Under 
illumination, the electrons on the valence band are excited to the conduction band as 







Figure 5: Transfer curves of the device tested every 10s in dark (left) and under increasing light 
intensity ranging from level 1 to level 10 (right) 
 
Figure 6: Photosensitivity of the device versus light intensity level 
The response of the device to NO2 gas is shown in Figure 7. After introducing NO2 at 
15min, the drain current dropped dramatically. The sensitivity is shown in Figure 8. 
As the concentration of NO2 goes up, the sensitivity will increase at first and become  
saturated at high concentration. After that, the device will be less sensitive to the 
change of NO2 concentration. The mechanism of the gas sensing properties of 
semiconductor materials was introduced by Weisz[23]. According to Weisz, when 
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oxidizing gas, in our case, the NO2 molecules, diffuse to the surface of the ZnO thin 
film, they will capture the electron in the film forming anion absorption. The 
accumulation of space charge around absorbates in the boundary layer of the film will 
act as a depletion region to increase the surface potential barrier. This potential barrier 
will cause band bending, thus impeding the motion of electrons. Therefore, the 
absorption of oxidizing gas will lower the current of semiconductor materials.  
 
Figure 7: Transfer curves of the device tested every 3min in clean air (left) and in different 
concentration of NO2 (right) 
 




We have prepared ZnO thin film transistor through solution process with high 
mobility and excellent stability. The sensing characteristics to humidity, photo and 
NO2 gas are carefully studied. In responses to humidity, 90.4% of sensitivity and 
88.2% of recovery was achieved. In addition to humidity sensitivity, the device also 
shows high sensitivity and rapid response to light and NO2 gas. These results 
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